We report tryptophan fluorescence measurements of emission intensity, iodide quenching, and anisotropy that describe the environment and dynamics at X and Y sites in stable collagen-like peptides of sequence (Gly-X-Y) n . About 90% of tryptophans at both sites have similar solvent exposed fluorescence properties and a lifetime of 8.5-9 ns. Analysis of anisotropy decays using an associative model indicates that these long lifetime populations undergo rapid depolarizing motion with a 0.5 ns correlation time; however, the extent of fast motion at the Y site is considerably less than the essentially unrestricted motion at the X site. About 10% of tryptophans at both sites have a shorter (;3 ns) lifetime indicating proximity to a protein quenching group; these minor populations are immobile on the peptide surface, depolarizing only by overall trimer rotation. Iodide quenching indicates that tryptophans at the X site are more accessible to solvent. Side chains at X sites are more solvent accessible and considerably more mobile than residues at Y sites and can more readily fluctuate among alternate intermolecular interactions in collagen fibrils. This fluorescence analysis of collagen-like peptides lays a foundation for studies on the structure, dynamics, and function of collagen and of triple-helical junctions in gelatin gels.
INTRODUCTION
The triple helix folding motif occurs in the fibrillar collagens of bone, tendon, skin, and cartilage, in more than 15 types of nonfibrillar collagens (Kielty et al., 1993) and in noncollagenous host-defense proteins (Hoppe and Reid, 1994) . The triple helix consists of three supercoiled, polyproline IIlike chains (Rich and Crick, 1961; Bella et al., 1994) with a repeating sequence of (Gly-X-Y) n in which Pro and Hyp often occupy the X and Y sites. Buried Gly residues form a closely packed core that prevents substitution by any larger residue without helix distortion. In contrast, residues in the nonequivalent X and Y sites are largely accessible to solvent (Jones and Miller, 1991; Kramer et al., 2001) ; any residue can occupy these sites (Rich and Crick, 1961; Persikov et al., 2000) .
Synthetic peptides have provided insight into the molecular structure, thermodynamic stability, and folding kinetics of the triple helix (Baum and Brodsky, 1999) . Gly-X-Y peptides with a high content of Pro and Hyp adopt a triple helix amenable to x-ray crystallography (Bella et al., 1994; Kramer et al., 2001) and multidimensional NMR (Buevich and Baum, 2001) . Recent studies of host-guest triple-helical peptides where one Gly-X-Y triplet is embedded in seven stabilizing Gly-Pro-Hyp triplets (Persikov et al., 2000) have established a propensity scale for the 20 common residues in the X and Y sites. Although all peptides formed stable triple helices, those with aromatic residues at either the X or Y sites were the least stable.
Studies of intrinsic fluorescence in the collagen triple helix offer an opportunity to characterize the mobility and accessibility of individual side chains at X and Y sites and to relate them to biological function. Intrinsic fluorescence studies of the abundant fibril forming collagens have been limited by the absence of Trp and scarcity of Tyr in their triple-helical domains. When these aromatic amino acids are present, fluorescence has been used to detect cross-links formed between Tyr and Phe (Fujimori, 1966; Menter et al., 1995) . Synthetic peptides with N-terminal Trp have been used as energy transfer probes of collagenase cleavage (Muller et al., 2000) . In an elegant study, Golbik and coworkers (2000) used energy transfer from Phe to a unique Trp in the integrin binding domain of type IV heterotrimeric collagen to investigate the topology between the a19a1a2 chains. In general, however, fluorescence has primarily been used to study collagen cross-links associated with age and diabetes (Sell et al., 1991; Uebelhart and Delmas, 1993) .
To demonstrate that intrinsic protein fluorescence can be used to investigate collagen structure, dynamics, and function, we have assessed the steady-state and time-resolved fluorescence properties of two triple-helical host-guest synthetic peptides with Trp at either the X or the Y site. These studies highlight the similarities in the water-exposed local environment and molecular dynamics at these sites in the collagen triple helix, but also reveal that the Trp side chain at the X site is more solvent accessible and has considerably greater mobility than Trp at the Y site.
MATERIALS AND METHODS

Sample preparation
The peptides Ac-(Gly-Pro-Hyp) 3 -Gly-Trp-Hyp-(Gly-Pro-Hyp) 4 -Gly-Gly-CONH 2 , GWO, and Ac-(Gly-Pro-Hyp) 3 -Gly-Pro-Trp-(Gly-Pro-Hyp) 4 -Gly-Gly-CONH 2 , GPW, were synthesized by solid-phase chemistry and purified as described (Persikov et al., 2000) . Laser desorption mass spectrometry (MALDI) confirmed peptide identity; the masses of trimeric GWO and GPW were 7203 Da and 7155 Da, respectively. Peptides were dried for 48 h before weighing and dialyzed against phosphate-buffered saline (PBS) (0.15 M NaCl, 20 mM sodium phosphate, pH 7.0). Peptide concentrations were determined from the absorption at 280 nm using an extinction coefficient for Trp of 5690 M ÿ1 cm ÿ1 (Edelhoch, 1967) . Before use, peptide solutions were held at 58C for .48 h to ensure complete triple-helix formation; all spectroscopic measurements were done at 158C. Purified peptides were dissolved at 1 mg/mL in PBS; any further dilutions of peptide were also made with PBS. All chemicals were from Sigma Chemical Co. (St. Louis, MO) and used without further purification.
Fluorescence emission
Fluorescence measurements were made using a SPEX Model F1T11I running Datamax software and the GRAMS/32 data processing module (Jobin Yvon, Inc., Edison, NJ) and equipped with Glan-Thompson polarizers on excitation and emission when appropriate. Fluorescence measurements were made at right angle in a 10-mm 3 2-mm dual path length quartz cuvette; background fluorescence from buffer was negligible.
Fluorescence emission spectra for relative quantum yields were measured (1-nm increment, 5.6-nm bandpass, 5-s integration time) using 280-nm excitation. Three emission spectra for each peptide were integrated over 295-500 nm; the average area (S) and A 280 values of the GPW and GWO peptides were used to calculate the ratio of quantum yields (Q):
Fluorescence quenching
Stern-Volmer quenching was performed using 280-nm excitation and 355nm emission. Iodide stock solutions (1 M KI in PBS) were made fresh before use, held on ice, and protected from light. One-minute averaged fluorescence intensities were corrected for dilution and iodide absorption at 280 nm and plotted as the ratio of initial fluorescence intensity (F o ) to intensity (F) at each quencher concentration (F o /F vs. [Q] .) The slope determined by linear regression was K sv , the Stern-Volmer quenching constant; average values of K sv for each peptide were used in further calculations. The collisional quenching constant, k q , is K sv / hti, where hti is the intensity average fluorescence lifetime (Table 1) .
Fluorescence anisotropy
Steady-state anisotropy was measured using 280-nm excitation (7.6-nm bandpass); emission was collected in L format at 355 nm (11.4-nm bandpass). Intensities with excitation polarization either Vertical (V) or Horizontal (H) and emission polarization either V or H (I VV , I VH , I HH , and I HV ) were collected and anisotropy (r) was calculated by the software module of the SPEX fluorimeter. Anisotropy values are the average of 15-20 measurements. Data for Perrin plots were collected in T format with 280-nm excitation (11.4-nm bandpass) and 355-nm emission (30.4-nm bandpass). Solution viscosity was varied by addition of aliquots of a 66% w/w sucrose solution in PBS; background fluorescence from sucrose was negligible. Anisotropy values are reported as the average of 10 measurements. Viscosities at 158C for each mass fraction of sucrose were determined using an Internet-based calculator (http://www.univ-reims.fr/Externes/AVH/MementoSugar/001. htm). Data were analyzed using the Perrin equation for an isotropic rotor:
(2) where r o is the intrinsic anisotropy in the absence of motion, V h is the hydrodynamic volume, h is the viscosity, and k B is the Boltzmann constant. The V h of each triple-helical peptide was calculated from the slope determined by linear regression of the Perrin plot using the r o value determined from the abscissa intercept and the intensity average lifetime (hti).
Time-resolved fluorescence
Fluorescence decay curves were collected using time-correlated singlephoton counting. Thermostated samples in an automated sample chamber (FLASC1000, Quantum Northwest, Spokane, WA) were excited at 4.8 MHz with ;2-ps wide pulses (full-width-half-maximum) of the wavelength (280 or 295 nm) and vertical polarization generated by a laser system (Verdi V10, Mira 900, and pulse picker 9200 from Coherent, Santa Clara, CA; harmonic generator 5-050 from Inrad, Northvale, NJ). Emitted photons were selected for the desired polarization, and then passed through a monochromator (SpectraPro-150 from Acton Research, Acton, MA) set at 355 nm (10-nm bandpass) before detection by a photomultiplier tube module (TBX-04 from IBH, Glasgow, UK) containing a preamplifier and a constant fraction discriminator. Electronics (time-to-amplitude converter 566 and multichannel buffer 921E from EG&G Ortec, Oak Ridge, TN) processed the time between an excitation and emission event to collect a decay probability histogram over 2048 channels at 24 ps/channel. Instrument response functions (light scatter) and decay curves were typically collected to 100,000 and 40,000 peak counts, respectively; I M (t), I V (t), and I H (t) decay curves (see below) consisted of ;1.4 3 10 7 , 1.2 3 10 7 , and 1.5 3 10 7 total counts, respectively, for GWO samples, and 1.6 3 10 7 , 1.4 3 10 7 , and 1.6 3 10 7 total counts, respectively, for GPW samples.
Anisotropy decay data analysis
Fluorescence intensity decays, I M (t), were obtained under magic angle conditions (Badea and Brand, 1979) and defined as sums of exponentials:
We assume that each exponential component arises from an independent emitting state and that excited-state reactions or interactions do not occur, consistent with the rotamer model of Trp fluorescence in proteins in which the rotamers interconvert much slower than the excited state decay (Szabo and Rayner, 1980; Ross et al., 1992; McLaughlin and Barkley, 1997) . Each t i term represents the lifetime of an individual emitting species and the preexponential a i values depend on concentrations, extinction coefficients, and emission spectra of the species, as well as instrument parameters.
The anisotropy decay, r(t), is related to the decays collected with vertical, I V (t), and horizontal, I H (t), polarization:
The anisotropy decay of a sample consists of the anisotropy decay of each emitting species, r i (t). As defined in Eq. 6, each r i (t) can be a sum of exponentials where the preexponential terms b ij denote the extent to which each emitting species is depolarized by the various motions and the f j represent the rotational correlation times:
The sum of the b ij values over all depolarizing motions for each emitting species provides the limiting anisotropy, r oi , for that species.
In general, the total anisotropy decay is:
Whereas it is generally assumed that each fluorophore is subject to all of the depolarizing motions, use of Eq. 7 permits unique lifetime-correlation time associations through independent b ij values. For example, if a b ij term equals zero, the species with lifetime t i is not depolarized by the motion leading to correlation time f j . Details have been published previously (Bialik et al., 1998; Rachofsky and Laws, 2000) . An anisotropy dataset of I M (t), I V (t), and I H (t) curves for a sample were analyzed simultaneously (globally) to recover the intensity and anisotropy decay parameters directly (Waxman et al., 1993) instead of fitting generated sum, difference or anisotropy curves with associated problems of parameter recovery and error propagation (Cross and Fleming, 1984) . Decays were analyzed by a reconvolution procedure (Grinvald and Steinberg, 1974) using nonlinear least squares regression (Bevington, 1969) . Joint support plane confidence intervals were calculated for all iterated parameters by an approximation method (Straume et al., 1991) .
Molecular modeling
Molecular models of the GWO and GPW peptides were based on the atomic coordinates of the peptide [(Pro-Hyp-Gly) 4 -Glu-Lys-Gly-(Pro-Hyp-Gly) 5 ] 3 , Kramer et al., 2000 (http://www.rcsb.org/pdb; PDB ID: 1QSU) and built using the molecular modeling software SYBYL 6.1 (Tripos Inc., St. Louis, MO) and Molecular Operating Environment 2000.02 (Chemical Computing Group Inc., Montreal, Canada). Excess residues (Pro-Hyp at the N-terminal and Gly-Pro-Hyp-Gly at the C-terminal) were removed and acetyl and amide groups were added at the N-and C-termini, respectively. The Glu-Lys sequence in the center was then substituted by Trp-Hyp to generate GWO and Pro-Trp to generate GPW. These structures were refined by energy minimization using Kollman's all-atom forcefield (Weiner et al., 1986) .
The accessible side-chain conformations of Trp at a single X site of GWO or a single Y site of GPW were evaluated using the Random Incremental Pulse Search method (Ferguson and Raber, 1989) while holding fixed the sites of all other atoms; only a single Trp residue on peptide chain C was investigated in each trimer. Only side-chain conformations with energy within 5.0 kcal/mol of the global minimum for each structure were kept. The Random Incremental Pulse Search method generates new molecular conformations by randomly perturbing the position of each atom in the molecule by 1 Å and by rotating about single bonds. Generated conformers were minimized until their root mean square gradient was ,0.01 kcal/mol. Two conformations were considered different if their energies differed by 0.01 kcal/mol and their atom positions exceeded the tolerance of 0.1 Å .
RESULTS
Previous circular dichroism studies (Persikov et al., 2000) indicate that peptides GWO and GPW are triple helical with melting temperatures of 31.98C and 26.18C, respectively. 
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The fraction of triple-helical GPW determined from ellipticity at 158C was 0.95 and 0.99 at concentrations of 0.10 and 0.50 mg/mL, respectively (not shown). Thus, at the concentrations ($ 0.25 mg/mL) and temperature (158C) used in the current study, GPW was >95% triple helix; the more stable GWO peptide would have a higher fraction of triplehelical conformation at these concentrations.
Steady-state spectra
Ultraviolet absorbance spectra of GWO and GPW were essentially indistinguishable and typical of aqueous Trp or NATA. Fluorescence excitation and emission spectra were also typical of aqueous Trp or NATA. The relative fluorescence quantum yield was slightly higher in GPW than in GWO; the ratio of quantum yields was 1.06 6 0.02. The similarities in Trp absorption, excitation, and emission spectra indicate that the time-averaged local environments of the X and Y sites in the collagen triple helix have comparable polarity indicative of extensive contact with water.
Time-resolved emission decays
Fluorescence intensity decays for Trp in GWO and GPW were well fit by a double exponential decay model; parameters are shown in Table 1 for data obtained with 295-nm excitation. Decays in both peptides were dominated by a long lifetime of ;9 ns; a shorter lifetime of ;2.5-3 ns contributed only ;4-5% to the emission intensity. Although the number average lifetime was longer in GPW (7.74 ns) than in GWO (7.16 ns); the ratio of average lifetimes (1.08) was similar to the ratio of quantum yields (1.06). Identical intensity decay parameters for both GWO and GPW were also recovered with 280-nm excitation (not shown).
In the context of a rotamer model for Trp fluorescence (Szabo and Rayner, 1980; Ross et al., 1992; McLaughlin and Barkley, 1997 ) the predominance of the longer lifetime species suggests that the indole side chain at both X and Y sites within collagen is predominately constrained to a single conformation that isolates the indole ring from interaction with local quenching groups such as the amide bond (Chen et al., 1996) . Small differences in the local mobility and/or orientation of indole side chains at the X and Y sites modulate quenching because both the long (t 2 ) and the short (t 1 ) lifetimes were slightly longer in GPW (9.1, 2.9 ns) than in GWO (8.4, 2.4 ns).
Stern-Volmer quenching
The solvent accessibility of Trp residues at X and Y sites was evaluated by iodide quenching of the steady-state fluorescence. Stern-Volmer quenching curves for both GWO and GPW were linear up to 0.4 M iodide (Fig. 1) ; all curves extrapolated to a value of F o /F of 1 within experimental error. Quenching constants (K sv ) for GWO and GPW were 14.2 6 0.7 M ÿ1 and 11.0 6 0.5 M ÿ1 , respectively, giving bimolecular collisional quenching constants (k q ) of 1.75 6 0.09 3 10 9 M ÿ1 s ÿ1 for GWO and 1.26 6 0.06 3 10 9 M ÿ1 s ÿ1 for GPW. The difference between the collision rates for GWO and GPW suggests that the indole ring is slightly more accessible to solvent at the X site than at the Y site.
Steady-state anisotropy and the effect of solution viscosity
Depolarizing processes for Trp residues at the X and Y sites were initially assessed by steady-state anisotropy; with 280nm excitation these values were 0.012 6 0.003 for GWO and 0.032 6 0.004 for GPW. Given the similarities in peptide size, shape, and fluorescence lifetime, this dramatic difference in anisotropy must reflect significant differences in the local mobility and/or orientation of the indole side chains at the X site compared to the Y site.
The effect of solution viscosity on the average rotational motion of Trp also differed considerably in the peptides. Perrin plots of the reciprocal of the steady-state anisotropy (1/r) versus the solution viscosity modulated by sucrose were linear over the full range of viscosities (Fig. 2) . The linearity indicated that an analysis using a single rotational correlation time (f) was appropriate for each peptide, despite the asymmetry of the triple helix (Steiner, 1991; Lakowicz, 1999) . Apparent hydrodynamic volumes of the hydrated peptides (V h ) calculated from the Perrin Plots were 6.45 6 0.68 nm 3 for GWO and 22.9 6 3.0 nm 3 for GPW; these values are smaller than or comparable to the unhydrated volume of ;24 nm 3 calculated for a 26 residue polyproline- like triple helix (assuming a 1-nm radius and 7.5-nm length; Bella et al., 1994) . The extrapolated values of 1/r at infinite viscosity were 12.0 6 0.6 for GWO and 11.8 6 0.8 for GPW, giving r o values of 0.083 and 0.085 for GWO and GPW, respectively, which are about half of the expected r o value of Trp with 280-nm excitation (Eftink et al., 1990 ), suggesting that fast side-chain motions were unaffected by the viscosities used in the extrapolation.
There are two possible explanations for the dramatic differences in the steady-state anisotropy and apparent hydrodynamic volume of these peptides. First, the anisotropy may reflect differences in local mobility of Trp; the smaller anisotropy and apparent hydrodynamic volume of GWO would then reflect the additional fast motions of Trp residues at the X sites. Second, the anisotropy may reflect differences in the average orientation of the indole side chains with respect to the long axis of the asymmetric peptides; this would change the extent to which the depolarization reflects faster rotation about the long molecular axis or slower rotation about one of the two equivalent short molecular axes of the trimer. These two possibilities were investigated by time-resolved fluorescence anisotropy.
Time-resolved anisotropy
The limiting excitation anisotropy of Trp is wavelength dependent, increasing toward lower energy (Eftink et al., 1990) . To enhance recovery of the fluorescence anisotropy decay parameters, excitation was at 295 nm. Two rotational correlation times were required to fit the GWO and GPW fluorescence anisotropy decays. All possible associations of the two lifetimes with the two correlation times were evaluated (Bialik et al., 1998; Rachofsky and Laws, 2000) . The acceptance of an analysis for a particular model required excellent fits, represented by reduced x 2 values (given in Table 1 ) and randomly distributed residuals and autocorrelation of residuals (not shown) for all three decays of an anisotropy dataset, as well as recovery of physically relevant decay parameters. For example, consideration of the trimer shapes of the collagen peptides required that rotational correlation times should be ,50 ns. In addition, based on the photophysics of Trp and the excitation wavelength, all b ij terms should be limited to the range of 0-0.4; consequently, the r o,i term for each emitting species must be #0.4.
The fluorescence anisotropy decay of both GWO and GPW could only be fit by one of the nine possible models for two lifetimes and two correlation times; it is noteworthy that the same model explained the data for both peptides. As shown by the b 1j values in Table 1 , the small fraction of Trp species with the shorter lifetime was depolarized with a 10-12-ns correlation time as expected for overall rotational motion(s) of the peptide trimer. These species were not depolarized at all (b 11 ¼ 0) by motions yielding the 0.5-ns correlation time. The predominant, long-lifetime Trp species in both GWO and GPW were depolarized by both sets of motions (Table 1) . However, the different b 2j values indicate a significant difference between GWO and GPW in the extent of depolarization by the slow and fast motions. The Trp residue in GWO was almost completely depolarized by the fast motions; due to the small b 22 value for this species, the confidence limits for the long correlation time of GWO were large. In contrast, there was almost equal depolarization by the two sets of motions for the Trp residue in GPW. This difference in the extent of depolarization by fast and slow motions is reflected in the much lower steady-state anisotropy seen for GWO.
A unique physical picture emerges from this associative analysis. At both the X and Y sites, a small (10-15%) fraction of the Trp side chains are in an environment that (1) places them near a quenching group, giving a short lifetime, and (2) constrains local motions such that they are depolarized only by rigid body rotational motion. The majority (85-90%) of Trp side chains at both the X and Y sites, however, are in a quite different environment. These Trp residues have a longer lifetime, indicating they are not near a quenching group such as a peptide bond. However, this population exhibits a dramatic difference between the X and Y sites in the extent of fast side-chain depolarization, suggesting that the rapid rotational motions of the Trp residues possessing the longer lifetime at the X site are more unconstrained and thus able to adopt more conformations than the similar Trp population at the Y site. This difference in conformational mobility could help explain the slightly larger k q value for iodide quenching at the X site.
Molecular modeling
Computational modeling studies investigated the possible side-chain orientations of Trp at the X and Y sites. Energy minimized structures of both GWO and GPW in a water environment had rigid triple-helical backbone conformations whereas the side chains at both sites exhibited multiple conformations due to rotational freedom about both the C a -C b and C b -C g bonds. A conformational search found 18 low energy Trp conformers in GWO (Fig. 3 a) and only nine conformers in GPW within the same energy cutoff (Fig. 3 b) . The modeling results thus indicate that the Trp side chain has significantly more conformational freedom at the X than the Y site in the collagen triple helix, in agreement with the fluorescence anisotropy results.
Two of the conformers for GWO shown in Fig. 3 a are in a distinctly different orientation than the other 16. Careful examination of GPW conformers revealed one that has a distinctly different orientation than the other eight. The ratios of conformers agree with the ratios of amplitudes in the fluorescence intensity decays of both peptides (a i , Table 1 ) and the conformer(s) associated with the smaller amplitude has the shorter lifetime. Furthermore, these conformers are the nearest to amide groups, which would explain their shorter fluorescence lifetimes (Chen et al., 1996) . The close agreement between experiment and modeling suggests that in each peptide there are two distinct populations of indole side chains that do not interconvert on the nanosecond time scale, even though the larger population has significant dynamic motion sufficient to depolarize the excited state.
DISCUSSION
Side-chain flexibility, mobility, and the potential for multiple interactions are important for understanding the interaction of collagens with receptors, with other collagens, and with other matrix molecules. The binding of a monoclonal antibody to type III collagen (Shah et al., 1997) , the recognition of the unique matrix metalloproteinase cleavage sites in fibrillar collagens (Fields, 1991) , and the binding of heparin sulfate to the triple-helical domain of asymmetric acetylcholinesterase (Deprez et al., 2000) , for example, all appear to involve triple-helical regions with low stability and, perhaps, excess mobility. NMR studies of labeled amino acids incorporated into collagen also show a high degree of side-chain and backbone mobility in fibrils (Batchelder et al., 1982) . And high resolution x-ray structures of model peptides show side chains with multiple occupancies, indicating that side-chain conformational fluctuations can occur within crystals (Kramer et al., 2000) . The novel approach presented here employs Trp fluorescence to compare the X and Y sites of collagen in solution, and has significantly expanded our understanding of side-chain environment and mobility in collagen.
Collagen side chains (except for Gly) are accessible to solvent and have little contact with potential protein quenching groups. The Stern-Volmer quenching results provide direct evidence that the indole ring is more accessible to solvent at the X than the Y site. This result supports and extends studies indicating that there are subtle but important differences between residues at the X and Y sites. For example, the large hydrophobic residues Leu, Phe, and Tyr are primarily found at the X site whereas Arg is predominantly at the Y site (Ramshaw et al., 1998) , the C b atom is exposed to solvent in the X but not the Y site in crystal structures of (Pro-Pro-Gly) 10 (Berisio et al., 2002) , and molecular modeling studies suggest that residues in the X site are more available for interaction with other molecules than those in the Y site (Bansal, 1977; Bansal and Ramachandran, 1978) .
Analysis of the fluorescence intensity decays amplifies our understanding of the solvent accessibility of collagen side chains. Trp fluorescence at each site is dominated by a lifetime of either 8.4 ns (X site) or 9.1 ns (Y site). These lifetimes are long for Trp in a protein (Beechem and Brand, 1985) and are similar to the lifetime of Trp amino acid at pH ;11 where the a-amino group is unprotonated and thus a poor quencher (Beddard et al., 1980; Jameson and Weber, 1981) , and to 3methyl-indole in neutral aqueous solution (Beddard et al., 1980) . The long lifetime in the collagen peptides is thus approximately equal to the maximum expected for an aqueous Trp and probably reflects the lifetime of hydrated indole not in contact with protein quenching groups. The short lifetime is typical of the lifetime of aqueous NATA (3.2 ns; Lakowicz, 1999) or of Trp in a variety of proteins (Beechem and Brand, 1985) where the indole ring is close to the peptide bond quenching group (Chen et al., 1996) . The lifetime characteristics of Trp in these two peptides indicates that it will be an excellent reporter group for the binding of collagen with various molecules (Kadler, 1994) because an interaction should force the Trp indole ring into closer proximity to protein quenching group(s) that will reduce the fluorescence lifetime.
Despite similarity in solvent accessibility, the dynamic behavior of Trp at the X and Y sites is remarkably dissimilar. The dramatic difference in steady-state anisotropy and apparent hydrodynamic volume between GWO and GPW, in which Trp residues with nearly identical lifetimes are in adjacent sites of nearly identical trimeric peptides, albeit remarkable, is easily understood by the considerable differences in the extent of rapid depolarizing motions at the X and Y sites. The anisotropy (either steady-state or time-resolved) should thus provide a sensitive signal for investigating the structural and dynamical consequences of amino acid variability both within and between chains in a triple helix. The mobility of Trp at an X site may be constrained by such interactions, with a concomitant increase in anisotropy, whereas the mobility of Trp at a Y site may be either more or less constrained by such interactions, with a concomitant increase or decrease in anisotropy.
It is possible that some of the fast depolarization seen in the time-resolved anisotropy results from resonance energy transfer between adjacent Trps (homotransfer) in the same peptide trimer (Demchenko, 1986) . Although this possibility cannot be ruled out, it remains an unlikely explanation for two reasons. First, the distances between Trps in our models are 1.1-1.7 nm, significantly longer than the R o of 0.5-0.7 nm estimated for Trp homotransfer (Eisinger et al., 1969) . Second, homotransfer should depolarize both species, whereas only the longer lifetime species demonstrates rapid depolarization. The modeling results provide additional support for an interpretation based on rapid side-chain rotational motions.
Given the absolute requirement for Gly at every third site of the Gly-X-Y triplet, this study has probed all possible sites of amino acid variability within the essential folding motif of the most important vertebrate structural protein and established for the first time in solution that residues at X sites are not only more solvent accessible but also more mobile than residues at Y sites. It has been suggested that the more accessible X residues may be largely responsible for self-association as well as interactions with other molecules; it is possible that the extra mobility allows side chains at X sites to fluctuate among multiple interactions within fibrils, as seen in NMR studies of Leu (Batchelder et al., 1982) . Further experiments will reveal the extent to which the side-chain mobility at the X and Y sites reflects local differences in side-chain packing inherent to the triple-helix structure and the extent to which side-chain mobility reflects differences in local flexibility due to the sequence of the triple helix.
